Introduction
Longevity of the blast furnace has always been the issue concerned by all steel and iron companys. Almost each reline, mid-repair or overhaul will lead to huge economical lost for the company. In north America, 1) reline cost typically contributes from 5 to 10 % of total hot metal cost. In addition, during a reline when the spending may reach $1MM (million) per day of outage, an additional $0.5MM per day can be lost from margin and inventory considerations. Moreover mid-repair or overhaul will cost more. Furthermore, blast furnace longevity is researched excitingly and difficultly. The technical break-through usually brings large benefits for steel plant. The industry practice and study revealed that the key of long life on blast furnace depended on the lining erosion. As a result of complex erosion mechanism (involved the mechanical attack, thermal action and chemical reaction) and plenty of factors affecting refractory destruction (such as material, construction, joint way of lining and cooler, and operational conditions in the furnace), the final solution to long campaign is a system engineering of which the design, construction, operation and maintenance should be considered. At present, direct measurement, physical model and numerical simulation are the primary research methods, among of which numerical simulation is no doubt to be superior for the black-box like blast furnace, because it can aid optimum design, provide construction standard, optimize operation parameters, and predict the refractory corrosion. The dissection of blast furnace shows that lining erosion mainly centers on two pasts: one is the hearth side wall and hearth bottom, and another is the bosh, belly and lower shaft. So numerical research is often focused here and more focused on the hearth.
The numerical simulation of the lining erosion may be summed as the following two kinds of model, One of which is heat conduction model of only lining, just taking the lining or furnace wall as the subject investigated, instead of considering the flow and heat transfer of molten metal, slag and coke in the hearth. The other is comprehensive heat transfer model, which integrates the hearth and the line, specially combines the multi-phase flow and heat transfusion in the hearth. These two models will be discussed below in detail.
Heat Conduction Model of Only Lining
The model includes one, two and three dimension . If heat conduction is time-independent, the left side of the "Eq. (1)" equals 0, and when axial symmetry is also considered, the second item of right side in "Eq. (1)" equals 0 too, this is just 2-D model. If continuously ignore the radial heat conduction in the hearth bottom and height heat conduction in the lining, "Eq. Where T is the temperature in °C, t is the time in s, c p represents the specific heat in J/(kg · K), Lining erosion is one of the key factors affecting the campaign life of the blast furnace. With the computer developments and CFD improvements, numerical simulation has already been the main way to study the refractory erosion of blast furnace. Here the most recent research results of numerical simulation and controlling on blast furnace lining corrosion were reviewed since 1960s, and some important problems of present were discussed, and some proposes for future development were given, Which will be helpful for the future theory and experiment research.
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sents the r, q, z axial thermal conductivity respectively in W/(m 2 ·°C), r is the density in kg/m 3 , S q is source of heat in W/m 3 , equals 0 here.
1-D Model
The earliest mathematical model for predicting hearth refractory erosion can date back to 1966, 2) when analytical solution was used for 1-D model. Measured temperature and 1 150°C isotherm was regarded as the boundary condition to this day. Latterly it is improved to be 1-D numerical simulation method incorporating into the nonlinear thermal conductivity, which is also employed now in some corporations due to its simplicity and lower requirement for thermocouple displacement. 3) Runge-Kutta method is a common way of solving 1-D heat conduction equation. Usually two thermocouples are inserted into the refractory from the cold face in 1-D direction. The solved domain is between the outer thermocouple and 1 150°C isotherm. The outer thermocouple temperature and 1 150°C hot face is boundary condition. Heat flux is calculated with the measured temperature and the distance of two thermocouples. Here heat flux precision intensively depends on the distance between the thermocouples. One hand, too closer distance can cause a large difference for heat flux calculation only because of a small thermocouple reading error, the other hand, placing too far apart can't insure the linear assumption of thermal conductivity. In fact it is worth to be emphasized by all models in this paper. United States Research and Technology Center solved the upper problem by burying the extra thermocouple.
2) Nevertheless, the limitation is obvious for 1-D model because it can't be simplified as 1-D model especially near the corner of the hearth as shown in Fig. 1 46) and Fig. 2 58) (which are the most recent CFD results). So the 2-D model is necessary for more actual simulation.
2-D Model
In recent years, 2-D model is studied and applied widely, since it both overcomes the bigger prediction error of 1-D model near the corner and easily traces the lining profile change. 2-D simulation commonly used boundary element method (BEM) and finite element method (FEM), sometimes the finite volume method (FVM) is utilized.
BEM is very suitable for the moving boundary, which can save the calculation time largely as results of only involving the change of the moving nodes on the boundary. The method is to numerically solve the 2-D heat conduction equation to work out the line temperature profile, where 1 150°C isotherm is the lining erosion contour. Simulation results [4] [5] [6] [7] [8] [9] indicated that BEM was very effective for heat conduction of approximate single medium.
Main advantage of FEM is to easily adapt to the complex boundary. Tang Y. 10) and Li J.-X. 11) simulated No. 3 blast furnace in BaoShan steel corporate and MeiShan steel plant respectively, and predicted profile of 1 150°C. It is a good practice to dispose the moving erosion boundary by only changing the boundary nodes but not modifying the whole grid.
United States Research and Technology Center 9) made use of FVM to simulate the running blast furnace. Many years of practice proved that this method had bigger error and was difficult to converge and sometime got several erosion curves. They found two ways below to solve the problems: ① Insert extra thermocouple between the exiting thermocouples to modify it, however, too closer distance between thermocouples will make the solution non-convergent. ② Adjust the error by the 1-D model since it is very precise in the side wall and bottom of the hearth. The latter way is simple and has strong adaptability, which can be extended to the other refractory erosion.
3-D Model
There is much significance to investigate 3-D heat conduction model of the furnace wall embedded cooler, as the cool condition influences the line temperature profile and the hot face temperature, which may make the slag shell to form or fall off. Nippon Steel Corporation simulated the temperature field in the cooler and line by the 3-D model from 1980s. Domestic related research mainly centered around the temperature and stress profile of the furnace wall. Xue Q.-G., 51) Cheng S.-S. 52) and Yang T.-J. 53) investigated the effect of different refractory material and its erosion on the temperature contour of cooling stave and plate, and the simulation showed cast iron stave was not enough to cool the lower stack. Zhang W.-J. and Wu X.-Q. 54 ) studied the temperature limit to the slag shell formation and shedding, and discussed the influence of thermal load of cooler on the temperature profile by simulating the newly built No. 4 furnace of BaoGang steel company. Wu L.-J. 56, 57) used ANSYS software to predict the change regularity of the hot face temperature and thermal stress with the difference of the lining material, cooling plate composition, and volume and temperature of the cooling water. So the cooling plate was optimally designed. These methods can be developed into a new path to calculate the line erosion by the easily measured parameters such as the temperature of furnace shell and cooling water.
Overall 58) is helpful to instruct the optimization design of the furnace wall and cooler because it can consider the cooling condition. Nevertheless, heat conduction model of only lining can just approximately estimate the refractory erosion profile. The more accurate simulation needs the more integrated model considering the state and property of gas, slag, molten iron and coke in the blast furnace.
Comprehensive Heat Transfer Model
Comprehensive Heat Transfer Model combined the refractory heat conduction with the multi phase flow and heat transfer in the hearth.
Blast furnace is usually composed of the hearth, refractory, cool layer, adiabatic stuffing and shell from the inside to the outside. The reason of the refractory erosion involves many factors including the thermal attack, mechanical action and chemical reaction, so it is necessary to develop a comprehensive model. And because there is no suitable measurements in the hearth at present, the numerical simulation, furnace dissection, 12, 41) , physical model 13, 15) and simple estimation 16) are the common ways to study the hearth. The early hearth model is decoupled with the heat transfer in the refractory, which only investigated the flow at first, gradually the natural convection, 17) carbon dissolve, [18] [19] [20] [21] [22] the effect of the dead-man, [22] [23] [24] 26) taping and tap-hole, 23, 35) flow stress profile, [27] [28] [29] etc. Latterly since Tachimori 30) and Ohno et al. 31) undertook a pioneering effort to develop the relationship between hot metal flow and heat transfer in the hearth, and all kinds of comprehensive models were put forward, such as porous media model, VOF (Volume of Fluid) model and DEM (Discrete Element Method). These models systematically researched multiphase flow in the hearth, temperature profile, molten metal level change, effects of dead-man, operational condition, evenly the physical and chemical effects, and so on. Since DEM model doesn't conjugate the lining, and is applied to simulate the particle motion in the hearth just now, here is only the detailed description of porous medium model and VOF model.
Porous Medium Model
Porous medium model takes the hearth and lining as the object of study, and works out the flow and temperature profile at some time during the taping, but not traces the metal level drop, thereby could be considered as steadystate. Certainly the momentum equation needed to take the pressure drop caused by molten metal flow in the coke bed as source term.
To explore the dead-man information's impact on refractory erosion is the primary objective of this model. In the early, researchers [27] [28] [29] 32, [35] [36] [37] [38] [39] [40] supposed the dead-man was cylinder or hemisphere, owed uniform voidage, and filled the hearth along the radial. The simulation results 29, 32) revealed the volume of free coke in the hearth significantly affect the line erosion, the narrower the space, the faster the metal flow, the heavier the erosion. The grater shear stress will be at the corner when dead-man sits on the bottom of the hearth, Maximum shear stress will reach the minimum with the volume change of the free coke. Subsequently a study group 34) divided the hearth into the metal region and the dead-man region, and the latter includes the dead region and coke part. Voidage of each part is different: the dead part is impermeable and voidage equals 0, while the deadman is conical based on the industry investigation, as shown in Fig. 3 . They concluded that when dead-man sat at the bottom center, heavy elephant foot erosion occurred, the lower temperature of bottom center and taphole nearby made thermal stress greater at the corner and near the taphole, but increasing the mushroom size may decrease this kind of erosion. Next, the group [43] [44] [45] discovered hot face (interface between the metal and lining or slag shell) temperature is not again isothermal but changes with the position difference, so in the most recent researches 46) they took the hot face of non-uniform temperature as refractory profile. Given the profile in the model they used, they brought forward a new way which is using 1-D inverse heat conduction firstly to work out the hot face of side wall and bottom of the hearth according to the measured temperature, then simulating it with 3-D CFD model till the results met the measured value, and consequently realized the good prediction for the blast furnace of different stage. Nevertheless, the natural convection is not to be considered in the model. These studies also showed that porous media model, taking the molten metal and slag as single phase fluid, met the mass and momentum conservation. The model considered the coke bed as porous media whose pressure drop, early solved in Darcy equation and latterly in Kozeny Carman equation and Ergun equation, was added in the momentum equation as the source term. Among the methods the Ergun equation was widely used as it may adapt to both the low speed flow and the high one. Detailed model equation and boundary condition is in the reference. 34, [42] [43] [44] [45] [46] [47] [48] 60) 
VOF (Volume of Fluid) Model
VOF model is usually applied for the immiscible multiphase fluid. Each phase needs to solve its own mass and momentum equation, and is required to work out its volume fraction in every control unit of whole solved domain. If volume fraction of some phase equals 0, there is no the phase in the unit; if equals 1, the unit is full of the phase; and if is between 0 and 1, the phase co-exists in this unit and owes the interface with other co-exiting phases. The gas, slag and metal in the furnace are supposed as the immiscible fluid, so VOF model can be used for lining erosion and the research results agree on the practical data.
VOF model is mainly used in three ways below: ① investigated the metal surface profile while tapping, which is © 2009 ISIJ Fig. 3 . Schematics of the Mittal IH 7 blast furnace hearth. 46) very important for the flow and heat transfer in the hearth and tapping process. Initially, the interface of the slag and metal is thought as a level in some studies, 28, 29, 32, 34) when the interface is below the taphole, tapping is broken off. Further studies 40, 49) is centered on the interface profile and its affecting factors. With the increase of the size of coke particle, the number of the large particle near the furnace wall, and the voidage of the coke bed, with the decrease of the slag viscosity, the interface will be lower and lower, the volume of residual slag will be less, but the space of free coke and the penetrability of the coke bed have no obvious effect on the interface height. The literature 49, 61) showed that surface profile is parabola at the end of tapping, just like Fig. 4(a) . The literature 50) believed that there was a mixed layer between the slag and the metal, whose conclusion is that the interface tilted to the taphole from the one of the opposite side of it, as shown in Fig. 4(b) , and incline degree is bigger with the increase of the tapping velocity, viscosity and vodiage. Most recent research 42) simulated the surface profile more precisely, as Fig. 4(c) . It is obvious that the interface behavior in practice high pressure of blast furnace is very different from common pressure of the laboratory, and the results also interpreted the three characteristic phenomenon of the blast furnace tap: a) During the continuous drainage of blast furnace with multiple tapholes, when the tapping of taphole A ends, hot metal can immediately go on casting out for 2 or 3 h from taphole B located in the opposite side of A. b) The slag gap time is very short at the beginning for the overlap drainage or tapping one another of multiple tapholes. c) Taphole blows gas at the end of drainage. ② Flow shear force has not always been the major reason for the elephant foot erosion in the hearth. The study in the above porous media model showed the bigger shear stress is in the corner of the hearth when dead-man sits at the bottom, which caused the elephant erosion. However, the latest research discovered that the flow was not the primary cause of elephant erosion, but the thermal stress and that carbon is dissolved by the hot metal. ➂ The total rate of drainage of metal and slag is not affected by in-furnace condition, which significantly influenced the rate of each one. 40) Furthermore, increasing tap gap can make the slag delay. 40, 50) In a word, VOF model is mainly applied to simulate the hot metal flow while tapping and trace the interface of the gas, metal and slag, and usually steady-state. It is mainly used to investigate the impact of related parameters on the lining erosion, instead of considering the heat transfer and chemical reaction, evenly the slag shell formation and the refractory erosion, which should be considered in the future work.
Issues and Discuss

Calculation of the Rate of Hot Metal and Slag in
the Inlet of the Hearth Almost all the references think that the inlet rate of the hearth is calculated by average iron and slag output of a blast furnace per day or the measured rate at the taphole, but the calculation method is not reported in detail. A simple estimation way is discussed here. The assumption: the interface is level, stop tapping when metal level is below the taphole, and the inlet rate is uniform. According to the mass conservation, two ways are given below.
If the daily iron output is known, the formula is as "Eq. (2) (2) If the volume of the taphole is measured, the rate can be calculated by "Eq. (3) Where Q t is the total iron and slag output of a blast furnace a day (m 3 /d), n is the tap times per day, t is average time of one cast(s), Q o represents average volume of cast at the taphole (m 3 /h), V t represents the total rate of the hearth inlet (m/s), A is the area of the level cross-section of the hearth (m 2 ), e is the average voidage of coke bed. However, according to the references and industry practice, the practical tapping is very different from the above assumption. The surface is declining while tapping, at the same time the upper hot metal continuously flows into it, so the surface is not flat, and the inlet rate also changes with the voidage of the coke bed. So the calculation of rate is inaccurate, which will need to further consider the upper metal producing in the mathematical model.
Discuss on the Erosion Profile
The 1 150°C isotherm is regard as the estimation of the erosion profile in the past research, which is based on the mechanism of carbon dissolve. According to the view, when hot metal touches with the carbon brick, the carbon starts to be dissolved in the hot metal till the carbon is saturated. If the temperature of the hot face of this time is below 1 150°C, the metal is solidified to prevent from the erosion, so the isotherm is just the erosion profile, and if the 1 150°C isotherm goes into the brick, then the isotherm is also the maximum erosion profile. Obviously, there are some questions for it. Firstly, the maximum erosion profile is not the real outline of the corrosion. Secondly, the solidification temperature may be other values besides 1 150°C, Fig. 4 . The molten metal and slag profile. 42, 49, 50) which is changed with the carbon concentration in the hot metal. Thirdly, the 1 150°C isotherm may be located in the slag shell, which can't represent the erosion profile. So it is more reasonable for some latest research 46) to use hot face as the real profile instead of 1 150°C isotherm. However, calculating the hot face temperature should take into account the carbon concentration of molten iron, and the transport equation of the carbon concentration need to be considered in the future model.
Difficult on the Dead-man
The shape, size, voidage and coke diameter of the deadman is very different from different references. Some think the dead-man filled the hearth and the voidage is uniform, some think the hearth is filled along the radius and there is the region without the coke in the hearth bottom, and others think there is a dead region of zero voidage which is columnar, spherical, hemispheric or conic and other region has different voidage. The dead region is inferred from the results of the furnace dissection and cored drill samples. 42) Some researchers of most recent started to divided the hearth into three region which is dead, coke and free coke region whose voidage equal 0, 0.5 and 0.8 respectively, and the dead-man is at the bottom of the hearth. Nevertheless, the information of the dead-man is almost all the assumption or deduction. as it is of the importance for the flow and heat transfer in the hearth, it is difficult to accurately simulate the lining erosion without the dean-man practice state. Fortunately a newest research 57, 59) attempted to make use of the DEM model to trace the coke particle in the hearth and gained the information of the dead-man shape and coke particle renew (as in Fig. 5 ), which will be used in the lining erosion. So the ultimate solution to the lining erosion will depend on the unify model of the whole blast furnace.
Conclusions and Outlook
All in all, the numerical simulation of the lining erosion of blast furnace experienced a way of development from low to high dimension, from the single to the multi phase, from pure heat conduction to coupling flow, from tracing the 1 150°C isotherm to locating the hot face of non uniform temperature. The understanding process of the simple to the complex and the shallow to the depth obeys the human cognitive law to the complex things. It can be seen that the current study has achieved fruitful results, and have encountered many challenges.
(1) For the heat conduction of only lining, 1-D, 2-D model is still the on-line model of the practice blast furnace for a long while in the future. Moreover, the 3-D model may realize the prediction and control of the lining erosion but need not measure the temperature of the lining. However, these models usually predict the 1 150°C isotherm, so it should utilize the present research fruits of detailed mechanism to find a way of precisely calculating the position of the hot face.
(2) Common used comprehensive model includes porous media model, VOF model and DEM model. The porous media model is suitable for that the metal flows through the coke bed, VOF model mainly investigates the interface between the gas, slag and the hot metal, and DEM model is often used to trace the coke particle behavior in the fluid. The future work should be centered on the obtain of the dead-man information, and combine the experiments, industrial measurements and DEM model. Obviously, the unified model of whole blast furnace considering the heat transfer, multi phase and chemistry reaction will be the ultimate solution to the lining erosion. 
